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ABSTRACT: The pincer d8-monohydride complex RhH{xant(PiPr2)2} (xant(PiPr2)2 = 9,9-dimethyl-4,5-
bis(diisopropylphosphino)xanthene) promotes the release of 1 equiv of hydrogen from H3BNH3 and H3BNHMe2 with TOF50% va-
lues of 3150 h-1 and 1725 h-1, to afford [BH2NH2]n and [BH2NMe2]2, and the tandem ammonia-borane dehydrogenation – cyclo-
hexene hydrogenation. DFT calculations on the ammonia-borane dehydrogenation suggest that the process takes place by means of 
cis-κ2-PP-species, through four stages including: i) Shimoi type coordination of ammonia-borane, ii) homolytic addition of the 
coordinated H-B bond to afford a five-coordinate-dihydride-boryl-rhodium(III) intermediate, iii) reductive-intramolecular proton 
transfer from the NH3 group to one of the hydride ligands, and iv) release of H2 from the resulting square-planar hydride-
dihydrogen-rhodium(I) intermediate. 
INTRODUCTION 
Ammonia-borane is a promising chemical hydrogen storage 
material due to its high hydrogen content1 and the fact that a 
variety of transition metal compounds have the ability of pro-
moting its kinetically controlled dehydrogenation, including 
complexes of Fe,2 Ru,3 Os,4 Co,5 Rh,6 Ir,7 Ni,8 and Pd.9 
Inner- and outer-sphere mechanisms have been generally 
considered in order to rationalize the dehydrogenation 
(Scheme 1).10 In both cases, the formation of a dihydrogen 
intermediate is proposed to be the key step of the process. The 
inner-sphere mechanism (a) is characterized by a change of 
two units in the metal oxidation state, involving a dihydride-
dihydrogen tautomerization. The dihydride is formed by hy-
drogen transfer from ammonia-borane to the catalyst metal 
center. This transfer can be concerted (a1) or stepwise (a2). 
While the first of them directly affords the dihydride,11 the 
second one takes place via an stabilized boryl intermediate 
which undergoes a β-hydrogen elimination reaction.12 The 
oxidation state of the catalyst metal center does not change 
during the outer-sphere catalysis (b), which avoids the dihy-
dride intermediate. In contrast to the inner-sphere process, the 
formation of the dihydrogen intermediate is assisted by a 
ligand of the bifunctional catalyst.13 There is a third mecha-
nism (c), which operates for dihydride catalysts and has been 
observed for the dehydrogenation promoted by the d6-species 
IrH2(POCOPtBu) (POCOPtBu = 1,3-(OPtBu2)2C6H3)14 and 
OsH2(CO)(PiPr3)2.15 In this  dihydride route, the reactions take 
place via dihydride-dihydrogen intermediates which result 
from the concerted BH-hydride and NH-proton transfers from 
ammonia-borane to the metal center and a hydride ligand, 
respectively, without any change in the metal oxidation state 
nor ligand assistance. 
We have now found DFT evidence for the existence of a 
monohydride pathway for the ammonia-borane dehydrogena-
tion, which involves a stepwise hydrogen transfer from the 
substrate to the metal center, and produces a change of two 
units in the metal oxidation state. 
RESULTS AND DISCUSSION 
Dehydrogenation of Ammonia-borane and Dimethylami-
neborane. The d8-complex RhH{xant(PiPr2)2} (1; xant(PiPr2)2 
= 9,9-dimethyl-4,5-bis(diisopropylphosphino)xanthene) is a 
notable square-planar rhodium(I)-monohydride.16 This com-
pound activates B-H, C-H and Si-H bonds to afford d8-square 
planar boryl-, aryl-, and silyl-derivatives.17 The boryl- and 
aryl-species are key intermediates for the direct borylation of 
aromatic compounds18 and for the decyanative borylation of 
nitriles.19 In agreement with the ability of 1 to activate B-H 
bonds, it promotes the release of 1 mol of molecular hydrogen 
per mole of substrate from ammonia-borane (eq 1) and di-
methylamine-borane (eq 2), with turnover frequency values at 
50% conversion (TOF50%) of 3150 h-1 and 1725 h-1, respec-
tively, in tetrahydrofuran as solvent at 31 ºC. Figure 1 shows          
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Scheme 1. Mechanistic proposals for the catalytic ammonia-borane dehydrogenation. 
 
the course of the dehydrogenation of ammonia-borane, 
which yields polyaminoborane according to the IR and 
11B{1H} and 11B-MQMAS20 solid state NMR spectra of the 
formed white insoluble material. The 11B NMR spectrum of 
the solution at the end of the dimethylamineborane dehydro-
genation process contains at 4.9 ppm the characteristic triplet 
(JB-H = 113 Hz) corresponding to the dimer [H2BNMe2]2. No 
traces of the linear diborazane H3B-NMe2-BH2-NHMe2 were 
observed at any point of the reaction, which suggests an off-
metal dimerization of H2B=NMe2.21 
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Figure 1. H2 evolution in the catalytic de hydrogenation of 
BH3NH3 with 1 (1 mol %) in THF at 31 ºC. 
 
Figure 2A shows the 11B{1H} and 11B-MQMAS NMR spec-
tra of the white material obtained in the dehydrocoupling of 
ammonia-borane. The 11B-MQMAS spectrum reveals that 
the peak centered at -10.21 ppm in the 11B{1H} NMR spec-
trum is split into three signals (A, B, and C) along the 
F1(TQ) axis, which is consistent with three different chemi-
cal environments. Signals A and B were assigned to –BH2– 
units on the basis of their δiso values (-11.02 and -8.51, re-
spectively), which compare well with the DFT/GIAO chemi-
cal shifts calculated by Sneddon and co-workers for materi-
als of this type.22 Signal C was assigned to branching –BH– 
groups because of its δiso value of -5.35 agrees well with that 
theoretically predicted, -5.90. Although the integration val-
ues 10.1% (A), 83.6% (B) and 6.3 % (C) should be taken 
carefully, because inherently MQMAS is not a quantitative 
experiment, they suggest that the amount of branched poly-
mer in the sample is low. In this context, it should be noted 
that the A:C integration ratio is about 2. This seems to indi-
cate that both units belong to the same branch. Other notice-
able feature of the spectra is the absence, at about -20 ppm, 
of any observable signal corresponding to terminal BH3 
units, which is consistent with a very long chained polymer. 
The 11B{1H} and 11B-MQMAS NMR spectra of the material 
obtained from the dehydrogenation of ammonia-borane 
promoted by the osmium dihydride OsH2(CO)(PiPr3)2 (Fig-
ure 2B) are similar, although the integrations (6.8% (A), 89.2 
(B) and 3.9% (C)) suggest a lower number of branches in the 
material and the presence of a signal centered at -19.60 (ter-
minal BH3 units) indicates a shorter linear polymer. 
 
 
Figure 2. 11B{1H} and 11B-MQMAS NMR spectra of polyami-
noborane obtained from the dehydrogenation of ammonia-
borane promoted by RhH{xant(PiPr2)2} (A) and 
OsH2(CO)(PiPr3)2 (B). 
 
 Tandem Ammonia-borane Dehydrogenation – Cyclohex-
ene Hydrogenation. The presence of cyclohexene in the 
catalytic solution does not modify the dehydrocoupling. A 
1:1 ammonia-borane : cyclohexene mixture initially under-
goes the selective dehydrocoupling of ammonia-borane and 
subsequently the generated molecular hydrogen reduces the 
olefin with a TOF50% value of 12 h-1. During the tandem 
process (Scheme 2), no formation of any borylation product 
is observed. This is consistent with the release of H2BNH2, 
which experiences polymerization out the coordination 
sphere of the metal, initiated by a nucleophile.23 
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Scheme 2. Tandem ammonia-borane dehydrogenation – 
cyclohexene hydrogenation. 
Attempts to detect intermediate metallic species during the 
dehydrogenation process were unsuccessful. Between 20 ºC 
and -80 ºC, in toluene-d8, the 1H NMR spectrum of 1 in the 
presence of ammonia-borane is identical to the spectrum of 1 
under 1 atm of molecular hydrogen (Figure 3). At 20 ºC, the 
spectrum contains a broad signal centered at about -13 ppm, 
which decoalesces between 20 ºC and 0ºC to afford two 
signals centered at -11.1 and -21.3 ppm, with a 4:1 integrated 
intensity ratio. At temperatures lower than -50 ºC, these 
signals undergo subsequent decoalescence. Thus, at -80 ºC a 
complex and poorly informative spectrum is observed. This 
behavior suggest that once the dehydrogenation is finished, 
the resting state of the system is a dynamic equilibrium be-
tween RhH5{xant(PiPr2)2} (2) species,24 containing a biden-
tate diphosphine to respect the 18 electron rule, which also 
act as precatalyst for the cyclohexene reduction. DFT calcu-
lations (energies calculated at the M06//6-311G(d,p)/SDD 
level, using structures optimized on the M06//6-
31G(d,p)/lanl2dz level) reveal that there are three low energy 
RhH5{xant(PiPr2)2} structures differing by 8.5 kcal·mol-1 
(ΔG, toluene, 298 K), among all possible RhH5 
stoichiometries. They show nonclassical interaction between 
the coordinated hydrogen atoms25 and contain a cis-k2-PP-
diphosphine (Chart 1): the fac-trihydride-dihydrogen 2a (0 
kcal·mol-1; dH2 = 0.816 Å) and the five-coordinate-
rhodium(I) hydride-bis(dihydrogen) derivatives 2b (3.4 
kcal·mol-1; dH2 = 0.826 and 0.842 Å) and 2c (8.3 kcal·mol-1; 
dH2 = 0.842 and 0.870 Å). Under vacuum, complex 1 is 
regenerated. 
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Chart 1. Optimized structures for RhH5{xant(PiPr2)2} (2). 
 
 
 
Figure 3. 1H NMR spectra as a function of temperature (400 
MHz, toluene-d8, high field region) of the solutions resulting 
from the reaction of RhH{xant(PiPr2)2} (1) with BH3NH3 (A) 
and from the exposure of RhH{xant(PiPr2)2} (1) to a hydro-
gen atmosphere (B). 
 
Mechanism of the Ammonia-borane Dehydrogenation. 
To gain insight the mechanism of the dehydrogenation of 
ammonia-borane, we have carried out DFT calculations. The 
changes in free energy (ΔG) have been computed in tetrahy-
drofuran at 304 K. Figure 4 shows the obtained energy pro-
file, Scheme 3 summarizes the steps of the process, and 
Chart 2 collects the transition states.26 
Complex 1 initially dissociates the oxygen atom of the di-
phosphine to afford the tricoordinated T-shaped intermediate 
3. The dissociation occurs through the transition state TS(1-
3), with an activation energy of 17.3 kcal·mol-1, and destabi-
lizes the system by 12.6 kcal·mol-1. The subsequent coordi-
nation of ammonia-borane to 3 in a Shimoi manner27 leads to 
the square-planar intermediate 4. The reaction is exothermic 
by 1.7 kcal·mol-1. Cis-κ2-PP-xantphos-rhodium(I) complexes 
coordinating amine-boranes have been previously isolated 
and fully characterized by Weller and co-workers.28 The 
metal center of 4 homolytically adds the coordinated B-H 
bond, overcoming an activation barrier of 11.1 kcal·mol-1, to 
afford the dihydride 5, which contains a stabilized boryl 
ligand. The oxidative addition takes place via the transition 
state TS(4-5), which can be described as a σ-borane species 
with Rh-H, H-B, and Rh-B distances of 1.598 Å, 1.796 Å, 
and 2.212 Å, respectively. The five-coordinate-rodium(III) 
complex 529 evolves into the hydride-dihydrogen 6 by means 
of a reductive intramolecular proton transfer from the NH3 
group to one of the hydride ligands. The transfer, which has 
an activation energy of 13.9 kcal·mol-1 (31.7 kcal·mol-1 with 
regard to 1 + H3BNH3)30 is the determining step of the dehy-
drogenation and takes place through TS(5-6). This transition 
state can be described as a η1-H2 species, where the asym-
metric dihydrogen (dH-H = 1.023 Å) is stabilized by interac-
tion with the NH2 group of the boron ligand (dH-N = 1.400 
Å). The hydride-dihydrogen intermediate 6 is also a square-
planar species with the dihydrogen ligand (dH-H = 0.840 Å) 
bent with regard to the coordination plane. The release of the 
dihydrogen ligand regenerates 3 and affords 2.1 kcal·mol-1. 
At the end of the catalysis, the coordination of two hydrogen 
molecules from the generated hydrogen atmosphere yields 
the resting species 2. Under the catalytic conditions the ener-
gies of 2a, 2b, and 2c are 6.5, 11.7 and 16.7 kcal·mol-1, re-
 spectively; i.e. they are less stable than 1 + BH3NH3, but lie 
below TS(5-6). 
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Scheme 3. Mechanistic proposal. 
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CONCLUSION 
The d8-monohydride complex RhH{xant(PiPr2)2} promotes 
the release of 1 equiv of molecular hydrogen from ammonia-
borane and dimethylamine-borane and a ammonia-borane 
dehydrogenation - cyclohexene hydrogenation tandem proc-
ess. At the end of the dehydrocoupling an equilibrium be-
tween novel RhH5{xant(PiPr2)2} species is formed. They 
show nonclassical interaction between the coordinated hy-
drogen atoms and contain a cis-κ2-PP-diphosphine. DFT 
calculations reveal that, in contrast to the previously reported 
dihydride route, in this monohydride pathway the ammonia-
borane dehydrogenation takes place via stepwise hydrogen 
transfer from the substrate to the catalyst, through a five-
coordinate dihydride-boryl-rhodium(III) intermediate where 
the diphosphine acts as cis-κ2-PP-chelate. 
 
EXPERIMENTAL SECTION 
General Information. All manipulations were performed 
with rigorous exclusion of air at an argon/vacuum manifold 
using standard Schlenk-tube techniques or in a dry-box (MB-
UNILAB). Solvents were dried by the usual procedures and 
distilled under argon prior to use or obtained oxygen- and 
water-free from an MBraun solvent purification apparatus. 
1H, 31P{1H}, 11B and 11B{1H} NMR spectra were recorded on 
Bruker 300 ARX, Bruker Avance 300 MHz or Bruker 
Avance 400 MHz instruments. Solid state 11B and 11B 
MQMAS experiments were performed on a BRUKER 
Avance III at a magnetic field of 9.4 T equipped with a dou-
ble channel 4.0 mm MAS probe. Sample spinning was set to 
14 KHz in all experiments. The 11B MQMAS was acquired 
using the mp3qzqf pulse program of Bruker library. Size of 
FID was acquired with 2K(TD2) x 32(TD1) and processing 
using the xfshear macro provided by Bruker and STATES-
TPPI protocol with zero-filling in both dimension.  Chemical 
shifts (expressed in parts per million) are referenced to resid-
ual solvent peaks (1H), external 85% H3PO4 (31P{1H}) or 
BF3·OEt2 (11B). Coupling constants are given in hertz. At-
tenuated total reflection infrared spectra (ATR-IR) of solid 
samples were run on a Perkin-Elmer Spectrum 100 FT-IR 
spectrometer. BH3NH3 and BH3NHMe2 were purchased from 
commercial sources and used without further purification. 
RhH{xant(PiPr2)2} (1) was prepared according to the pub-
lished method.16 
Catalytic Dehydrogenations 
BH3NH3. Under argon, 200 μL of a THF solution of com-
plex 1 (10.9 mg, 0.02 mmol) was added via syringe to a 5 
mL solution of BH3NH3 (61.8 mg, 2 mmol) placed into a 25 
mL flask attached to a gas burette and immersed in a 31 ºC 
bath, and the mixture was vigorously shaken (500 rpm) 
during the run. The reaction was monitored by measuring the 
volume of evolved hydrogen with time until hydrogen evolu-
tion stopped. During the reaction a white solid was formed 
which was separated by decantation, washed with THF (8 x 
1 mL) and diethyl ether (4 x 1 mL), and dried in vacuum. 
The IR spectrum confirms the presence of polyaminoborane 
(Figure S1). The assignment of the signals was made by 
comparison with the data reported by Manners et al.7b,31 
TOF50% = 3150 h-1 (average of four runs). 
BH3NHMe2. Under argon, 200 μL of a THF solution of 
complex 1 (10.9 mg,  0.02 mmol) was added via syringe to a 
5 mL solution of BH3NHMe2 (117.8, 2 mmol) placed into a 
25 mL flask attached to a gas burette and immersed in a 31 
ºC bath, and the mixture was vigorously shaken (500 rpm) 
during the run. The reaction was monitored by measuring the 
volume of evolved hydrogen with time until the hydrogen 
evolution stopped (Figure S2). The 11B NMR spectrum of the 
solution after the hydrogen evolution stopped shows a triplet 
 at 4.87 ppm (1JB-H = 113 Hz) assigned to [H2BNMe2]2 (Fig-
ure S3). TOF50% = 1725 h-1 (average of four runs). 
Tandem Dehydrogenation of BH3NH3 – Hydrogenation 
of Cyclohexene. Under argon, 200 μL of a THF solution of 
complex 1 (10.9 mg, 0.02 mmol) and cyclohexene (202 μl, 2 
mmol) was added via syringe to a 5 mL solution of BH3NH3 
(61.8 mg, 2 mmol) placed into a 25 mL flask attached to a 
gas burette and immersed in a 31 ºC bath, and the mixture 
was vigorously shaken (500 rpm) during the run. The reac-
tion was monitored by measuring the volume of evolved 
hydrogen - consumed hydrogen with time (Figure S4). Dur-
ing the reaction a white solid of polyaminoborane was 
formed. Cyclohexane was identified by a GC-MS experi-
ment run on an Agilent 5973 mass selective detector inter-
faced to an Agilent 6890 series gas chromatograph system. 
The sample was injected into a 30 m x 250 μm HP-5MS 5% 
phenylmethylsiloxane column with a film thickness of 0.17 
μm (Agilent). The GC oven temperature was programmed as 
follows: 35 ºC for 6 min, 35-280 ºC at 25 ºC/min, 280 ºC for 
4 min. The carrier gas was helium at a flow of 1 mL/min. 
Reaction of RhH{xant(PiPr2)2} (1) with BH3NH3: Spec-
troscopic Detection of RhH5{xant(PiPr2)2} species. A 
screw-top NMR tube containing a solution of 1 (21 mg, 
0.038 mmol) in toluene-d8 (0.4 mL) and cooled at -78 ºC was 
treated with BH3NH3 (2.4 mg, 0.068 mmol), and it was vig-
orously shaken. Immediately the NMR was introduced in a 
NMR probe precooled to -60 ºC. Figure 3(A) shows the high 
field region of the 1H NMR spectra as a function of tempera-
ture. 
Exposure of RhH{xant(PiPr2)2} (1) to a Hydrogen At-
mosphere: Spectroscopic Detection of RhH5{xant(PiPr2)2} 
species. A low pressure/vacuum NMR tube was charged 
with a solution of 1 in toluene-d8 (0.5 mL), and the argon 
atmosphere was replaced by a hydrogen atmosphere (1 atm). 
Figure 3(B) shows the high field region of the 1H NMR 
spectra as a function of temperature. 
Computational Details. All calculations in the mechanistic 
studies were performed at the DFT level using the M0632 
functional as implemented in Gaussian09.33 In geometry 
optimizations Rh atom was described by means of an effec-
tive core potential Lanl2dz for the inner electron and its 
associated double-ζ basis set for the outer ones. The 6-
31G(d,p) basis set was used for the H, C, B, N, O and P 
atoms. All geometries were fully optimized in THF (ε = 
7.4257) at 304 K or in toluene (ε = 2.37) at 298 K (2a, 2b 
and 2c) solvents using the continuum SMD model.34 Energy 
calculations were performed at the M06//6-311G(d,p)/SDD35 
level in THF at 304 K or in toluene at 298 K (2a, 2b and 2c) 
using structures optimized on the M06//6-31G(d,p)/lanl2dz. 
Transition states were identified by having one imaginary 
frequency in the Hessian matrix. It was confirmed that tran-
sition states connect with the corresponding intermediates by 
means of application of an eigenvector corresponding to the 
imaginary frequency and subsequent optimization of the 
resulting structures. The complex 5 shown in Figure S6 
appears in the energy profile as two rotamers (5a and 5b) by 
rotation about the Rh-B single bond. 
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 DFT calculations suggest the existence of a monohydride pathway for the ammonia-borane dehydrogenation, which involves 
a stepwise hydrogen transfer from the substrate to the metal center, and produces a change of two units in the metal oxidation 
state. 
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